Sex-peptide is the molecular basis of the sperm effect in Drosophila melanogaster. by Liu, H & Kubli, E
University of Zurich





Sex-peptide is the molecular basis of the sperm effect in
Drosophila melanogaster
Liu, Huanfa; Kubli, Eric
Liu, Huanfa; Kubli, Eric. Sex-peptide is the molecular basis of the sperm effect in Drosophila melanogaster. Proc.
Natl. Acad. Sci. U.S.A. 2003, 100(17):9929-33.
Postprint available at:
http://www.zora.unizh.ch
Posted at the Zurich Open Repository and Archive, University of Zurich.
http://www.zora.unizh.ch
Originally published at:
Proc. Natl. Acad. Sci. U.S.A. 2003, 100(17):9929-33
Liu, Huanfa; Kubli, Eric. Sex-peptide is the molecular basis of the sperm effect in Drosophila melanogaster. Proc.
Natl. Acad. Sci. U.S.A. 2003, 100(17):9929-33.
Postprint available at:
http://www.zora.unizh.ch
Posted at the Zurich Open Repository and Archive, University of Zurich.
http://www.zora.unizh.ch
Originally published at:
Proc. Natl. Acad. Sci. U.S.A. 2003, 100(17):9929-33
Sex-peptide is the molecular basis of the sperm effect in
Drosophila melanogaster
Abstract
Mating elicits two major changes in the reproductive behavior of many insect females. The egg-laying
rate increases and the readiness to accept males (receptivity) is reduced. These postmating responses last
approximately 1 week in Drosophila melanogaster. Males that do not transfer sperm but transfer seminal
fluid during mating induce a short-term response of 1 day. The long-term response of 1 week requires
the presence of sperm (sperm effect). Hence, sperm is essential for the long-term persistence of the
postmating responses. Three seminal fluid peptides elicit postmating responses: ovulin, sex-peptide
(SP), and DUP99B. Using the technique of targeted mutagenesis by homologous recombination, we
have produced males with mutant SP genes. Here, we report that males lacking functional SP elicit only
a weak short-term response. However, these males do transfer sperm. Thus, (i) SP is the major agent
eliciting the short-term and the long-term postmating responses and (ii) sperm is merely the carrier for
SP. The second conclusion is supported by the finding that SP binds to sperm. The 36-aa-encoding SP
gene is the first small Drosophila gene knocked out with the method of homologous recombination.
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Mating elicits two major changes in the reproductive behavior of
many insect females. The egg-laying rate increases and the readi-
ness to accept males (receptivity) is reduced. These postmating
responses last1 week in Drosophila melanogaster. Males that do
not transfer sperm but transfer seminal fluid during mating induce
a short-term response of 1 day. The long-term response of 1 week
requires the presence of sperm (sperm effect). Hence, sperm is
essential for the long-term persistence of the postmating re-
sponses. Three seminal fluid peptides elicit postmating responses:
ovulin, sex-peptide (SP), and DUP99B. Using the technique of
targeted mutagenesis by homologous recombination, we have
produced males with mutant SP genes. Here, we report that males
lacking functional SP elicit only a weak short-term response.
However, these males do transfer sperm. Thus, (i) SP is the major
agent eliciting the short-term and the long-term postmating re-
sponses and (ii) sperm is merely the carrier for SP. The second
conclusion is supported by the finding that SP binds to sperm. The
36-aa-encoding SP gene is the first small Drosophila gene knocked
out with the method of homologous recombination.
In many insect species, the reproductive behavior of femalesdrastically changes after mating (1, 2). Egg laying is increased
and receptivity is reduced. These female postmating responses
are elicited by seminal f luid and sperm transferred during
copulation. In most species, the virgin state is achieved again
after some time (2). The egg-laying rate decreases to a virgin
level and the female accepts courting males again. The coordi-
nation of egg production and egg laying with the presence of
sperm in the female genital tract is largely in the interest of both
sexes. However, it may be advantageous for a female to mate
with more than one male to enhance the genetic diversity of her
offspring. Female promiscuity can reduce the partner’s fitness
through sperm competition. As countermeasures, males have
evolved mechanisms that reduce the females’ tendency to remate
(2–4). In some species, this may even lead to a reduced female
lifespan (5). Experimental approaches have yielded insights into
the nature of these sexual conflicts (6–11), but the molecular
mechanisms involved remain largely unknown.
In Drosophila melanogaster, two male peptides induce the
postmating responses when injected into virgin females: sex-
peptide (SP, ACP70A) and ductus ejaculatorius peptide 99B
(DUP99B; 99B stands for the cytological localization of the gene
at position 99B; refs. 12 and 13). They are synthesized in the
accessory glands and the ductus ejaculatorius, respectively. Both
are transferred into the female during mating (3, 13). After
entering the female genital tract, the two peptides are believed
to be transferred into the hemolymph where they reach their
targets (3, 13–15). This view is supported by ectopic, constitutive
expression of SP in the fat body of females, leading to a
continuous induction of the postmating responses (16). Al-
though both peptides elicit both responses when injected, in vivo
DUP99B seems to be of minor importance, as we did not find any
differences between the postmating responses of females mated
with WT males and males lacking the Dup99B gene, respectively
(unpublished results). Ovulin (ACP26Aa) is another protein
involved in the female postmating responses (17, 18). This
protein stimulates increase of egg laying during the first day after
mating, but it does not affect receptivity.
After a normal mating, the postmating responses of a D.
melanogaster female last 1 week. Manning (19, 20) has shown
that sperm is required for the persistence of both responses
(sperm effect). Lack of sperm transfer results in a short-term
response of 1 day as also observed after injection of physiological
amounts of SP or DUP99B (12, 13). Therefore, a long-term
response may be dependent (i) only on the presence of sperm or
(ii) on a combination of sperm plus SP. Using the recently
developed technique of targeted mutagenesis by homologous
recombination (21–23), we have produced transgenic males
lacking SP. We show that SP is the major agent eliciting the
short-term and the long-term responses. DUP99B and ovulin
play only minor roles on the first day after copulation. We
conclude that sperm is merely the carrier for SP and that SP is
the molecular basis of the sperm effect.
Materials and Methods
Original Vectors. The PCR cloning vector pGEM-T Easy was
bought from Promega. The cloning vector pBS(Not) (22) and the
targeting vector pTV2 (23) were both kindly supplied by K. G.
Golic (University of Utah, Salt Lake City).
Donor Construct. Genomic DNA isolated from a y w stock of D.
melanogaster was used as a PCR template. The flanking se-
quences of the SP gene were amplified as two PCR fragments.
A fragment of 5.6 kb was amplified with an SpeI forward
primer (5-TTGATTTACTAGTCCTCATCCCATCTCGCTC-
3; SpeI recognition site underlined) and an EcoRI–AvrII reverse
primer (5-GGAGAATTCCTAGGCGAGTACGCAAAC-
GAG-3; EcoRI recognition site underlined; AvrII recognition
site in italic; introduced point mutations in bold; Fig. 1A). Two
point mutations were introduced into the reverse primer to
produce a stop codon and an AvrII cutting site (Fig. 1E). A
fragment of 6.1 kb was amplified with the AvrII primer
(5-TCGCCTAGGTCCAGTCCTGGGAATGGCCGT-3; AvrII
recognition site underlined; introduced point mutations in bold)
and an XhoI reverse primer (5-TGTCCTCGAGCAACA-
GACGGAGTTGCTTCAC-3; XhoI recognition site under-
lined). Two point mutations were also introduced into the AvrII
forward primer to produce a stop codon and an AvrII cutting site.
These two fragments were cloned separately into the pGEMT
easy vector. The first fragment was then ligated into the SpeI and
EcoRI cutting sites of pBS(Not). This vector was dubbed
pBS(Not)SP1. One I-SceI cutting site was added by annealing and
inserting two complementary oligonucleotides (5-CATG-
TAGGGATAACAGGGTAAT-3 and 5-CATGATTACCCT-
GTTATCCCTA-3) into the NcoI cutting site of this fragment.
This vector was dubbed pBS(Not)SP1I-SceI. The second PCR
fragment (see above) was then ligated to the AvrII and XhoI
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cutting sites of pBS(Not)SP1I-SceI. This vector was dubbed
pBS(Not)SPI-SceI. Finally, we cloned the fragment into the
NotI cutting site of pTV2 to obtain the targeting construct
pTV2SP (Fig. 1 A).
Fly Stocks. The stocks y w; 70FLP, 70I-SceI, ScoCyo and y w;
70I-CreITM3 were donated by Y. S. Rong (National Cancer
Institute, Bethesda) and K. G. Golic. y w eyFLP was obtained
from E. Hafen (University of Zurich, Zurich). Delta130TM3, Sb,
ry was donated by H. Bellen (Baylor College of Medicine,
Houston). We used a VC (virginizer cross) virginizer line to
collect virgin females (24). VC females were obtained by crossing
females of the genotype y cm SxlM1; vir fl1 bwSM5 with Oregon
R WT males. This cross generates only VC females, i.e., virgin
females, in great quantities.
Targeting Crosses. We used the donor inserted on the first and
second chromosome. As described (21), the donor lines were
crossed with y w; 70FLP, 70I-SceI, ScoCyo. The embryos were
heat-induced during the early development stage. They were
then crossed with eyFLP f lies and screened for nonmosaic w
f lies. w f lies contain homologous or nonhomologous inte-
grations, as the ey-FLP completely removes any unexcised
donor.
Verification of Targeting. PCR was used to verify the targeting.
Primers P1 (5-ATACGTTGCTGCCATCTGTCTC-3; Fig.
1 C) and P2 (5-GCGCTGCTAATTGCAAACG-3) were
used. P1 is outside of the homologous targeting sequence. A
fragment of the same size can be amplified from the WT and
the targeted allele. However, the enzyme AvrII cuts the
fragment amplified from the targeted allele into two frag-
Fig. 1. (A–D) Strategy for targeted knockout of SP gene (not drawn to scale). Only the essential steps are shown. Arrowheads show ends of P elements.
Half-arrowheads show FRT sequence. Star indicates site of the introduced stop codon. Translation stops in the signal peptide (see below, E). (A) Targeting
construct. Because SP is a small gene of200 bp, we used the flanking sequences as donors (ends-in technique). Fragment length is in kilobases. (B) On activation
with FLP recombinase, the targeting construct jumps out as a circle. It is then cut at the I-SceI cutting site and binds to the homologous sequence on a host
chromosome. (C) Targeting at the SP gene produces tandem repeats containing an SP and an SP0 gene. P1–P5, primers. (D) By homologous recombination,
the SP gene is deleted to obtain an SP0 null mutant. (E) Introduced mutations. SP and SP0, partial DNA sequences of the WT and the mutant SP genes,
respectively. The sequence starts 5 with the AUG encoding the first amino acid of the SP signal sequence. Changed bases in the mutant are bold. The newly
introduced AvrII site is underlined. SP and SP0, amino acid sequences of SP translated from the WT and the mutant SP genes, respectively.
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ments. No fragment can be amplified from the nonhomologous
targeted allele.
Reduction to a Single-Copy Mutant SP Gene. Flies with the targeted
allele were crossed with 70I-CreITM3 f lies. The progeny were
heat-shocked when 2–3 days old. Non-TM3 males were selected
and crossed with 70I-CreITM3 f lies. The non-TM3 white-eye
progeny are likely to have the targeted allele reduced to one
copy. Finally, the null mutant was screened by allele-specific
PCR. The primers P3 (5-GTCCCTTAGTCACATAGC-3) and
P5 (5-TTCCCAGGACTGGACCAAGC-3) amplify a 524-bp
fragment from the WT allele. The primers P3 (5-GTCCCT-
TAGTCACATAGC-3) and P4 (5-TTCCCAGGACTGGAC-
CTAGG-3) amplify a fragment of the same size from the
mutant allele.
Verification of the Null Mutant. Western blots were used to verify
the absence of the SP in homozygous SP0 mutants. Male genital
tracts were dissected, and polyclonal SP or DUP99B antibodies
were used to assay for SP or DUP99B, respectively. The ovulin
antibody was obtained from M. Wolfner (Cornell University,
Ithaca, NY).
Oviposition and Receptivity Test. For measuring oviposition, 5-day-
old virgin VC females were mated with 5-day-old males of
various genotypes. Eggs laid by individual females were counted
in a 24-h period. Between 17 and 22 females were included in
each experiment. Each experiment was repeated three times.
The receptivity test was performed as described (12). Three
females were placed in a vial with seven naı¨ve 5-day-old Oregon
R males. Receptivity was calculated as the percentage of females
that mated within 1 h. At least 24 females were observed per
experiment. Every experiment was repeated twice.
Sperm Staining. Sperm receptacles and spermathecae were dis-
sected as described (25). They were then stained in 2 gml
4,6-diamidino-2-phenylindole (DAPI) in PBS.
Results
Generation of the Mutant Allele for SP. The WT D. melanogaster SP
gene was replaced by a mutant gene by homologous targeting
(Fig. 1 A–D). The frequency of homologous targeting is related
to the length of the donor (23, 26, 27). Because SP is a small gene
of 200 bp, we used the flanking sequences as donors (ends-in
technique; refs. 21–23). We introduced two point mutations into
the coding sequence of the SP signal peptide, resulting in one
stop codon and one AvrII cutting site (Fig. 1E). Thus, in the SP0
mutant the SP gene is transcribed, but translation stops in the
ORF of the signal sequence of the precursor. As a consequence,
no mature SP is made. The targeting plasmid pTV2SP was
injected into y w f lies (Fig. 1 A). Two transgenic lines were
recovered, one on the X, and another on the second chromo-
some. Because of the higher efficiency of targeting in the female
germ line, most of the targeting was done in females. For the
donor on the X chromosome, we screened 300 tubes (200
progeny per tube) and did not find any targeting. For the donor
on the second chromosome, we screened 400 tubes and obtained
three targets. We also tried to target the SP gene in male germ
lines. In this latter screen, we used the donor on the second
chromosome. No targeting was found in 300 tubes. Correct
targeting was tested by PCR. Fig. 2 shows that all fragments
derived from the three lines were cut by AvrII. Thus, the
targeting was precise. This precision was verified by sequencing
the amplified fragments. During the targeting procedure the SP
gene is duplicated (Fig. 1 B and C). One copy contains the
introduced point mutations, and the other is WT. To obtain an
SP0 mutant, the WT copy has to be deleted. This end was
achieved by classical homologous recombination induced by the
I-CreI enzyme (Fig. 1D). Induction of the deletion was very
efficient. White-eyed flies were found in most tubes, and about
half of them had only the mutant SP copy. Western blots showed
that SP is not present in SP0 males (Fig. 3). However, SP is
present in the line SP0, SP. These males contain copies of WT
and mutant SP genes on the same chromosome (Fig. 1B). This
Fig. 2. Verification of homologous targeting. PCR was done with the primers
P1 and P2 as indicated in Fig. 1C. M,  DNA digested with EcoRI and HindIII.
Lanes yw, TA, TB, and TC show the fragments amplified from DNA of the yw
stock and the targeted lines TA, TB, and TC, respectively. Lanes overlined with
AvrII, amplified DNA of the before-mentioned lines cut with AvrII. The AvrII
site was introduced at the mutagenesis step. The arrow indicates a 729-bp
fragment specific for targeted lines after cutting the DNA with AvrII enzyme.
Fig. 3. Western blots showing the expression patterns of SP, ovulin (ACP26Aa),
and DUP99B in different stocks. The nature of the polyclonal antibody used as
probes is indicated. The expected phenotype for SP (WT or SP0) is indicated at the
top of the corresponding lanes. Ovulin and DUP99B are expressed independent
of the presence or absence of the SP gene. The numbers indicate the nature or
source of the samples: 1, synthetic SP (sSP); 2–6, genotypes of the accessory gland
extracts; 2, SPSP; 3, SP0SP0; 4, SP0, SPSP; 5, SPSP; and 6, SP0, SPSP0.
Arrows indicate SP, ovulin, and DUP99B, respectively.














line has the same genetic background as the SP0 line and hence
is a good control.
Postmating Responses of Females Mated to Males Lacking SP. Males
containing the deficiency 130 (uncovering the SP gene, SP) on
one chromosome and the SP0 allele on the homologous chromo-
some were used to determine the contribution of SP to the
postmating responses (SPSP0 males, hereafter dubbed SP null
males). Homozygous SP0SP0 males are homosexual. This homo-
sexuality is very likely due to an unidentified recessive gene residing
on the targeted chromosome. Virgin females deposit only a few eggs
every day (Fig. 4A). Oviposition by females mated with Oregon R
WT males or with heterozygous control males increased consider-
ably in the first 4 days. Females mated with the SP null males,
however, showed only a slight increase in oviposition on day 1. On
the following days, the oviposition rate does not differ from the rate
of unmated females. Sexually mature virgin females readily mate
(Fig. 4B). Females mated with the control males showed strong
reduction of receptivity in the first 48 h (Fig. 4B). However, for the
females mated with the SP null mutant, we observed a strong
reduction of receptivity only 4 h after copulation. Assayed 12 and
24 h after copulation, receptivity was60%. After 48 h, receptivity
had again increased to virgin levels. These effects are not due to lack
of sperm. Sperm of the SP null males are motile and are transferred
and stored correctly. Because fewer eggs are laid, fewer sperm are
used in the females mated with these males. Thus, a considerable
amount of sperm is left in the female genital tract even 9 days after
copulation (Fig. 5B). In some females, sperm is present for fertil-
ization for at least 20 days after copulation (results not shown).
Furthermore, the peptides DUP99B and ACP26Aa are expressed
normally in the SP null males (Fig. 3). Hence, knocking out the SP
gene does not affect the expression of the two other peptides known
to elicit the postmating responses.
Discussion
After copulation without sperm transfer, the short-term responses
are fully induced, but only for 1 day (19). Without SP transfer,
oviposition is barely induced, and only on the first day (Fig. 4A).
Because the expressions of ovulin and DUP99B are not affected in
the SP null males (Fig. 3 C and D), these two peptides may be
responsible for the weak increase in oviposition observed on the
first day after a mating with SP null males. The increase in egg laying
observed in females mated to these males after day 3 corresponds
to the increase in egg laying also observed over the same time period
in virgin females (Fig. 4A). However, in contrast to the eggs laid by
Fig. 4. Effects of SP on oviposition and receptivity. In contrast to females mated
toWTmales, femalesmatedtomales lackingSPdrastically reduceovipositionand
regain receptivity quickly. (A) Time course of average number of eggs laid per day
by virgin females and females mated once to Oregon R WT, SP0SP, and SP0,
SPSP males, respectively. (B) Time course of receptivity of virgin females and
females mated once to Oregon R WT males, SP0SP, and SP0, SPSP males,
respectively. SP0, SPSPmales produce the same amount of SP as Oregon R WT
males. SP0SP males do not synthesize functional SP. All females were collected
from a virginizer stock (VC). Standard errors are indicated.
Fig. 5. Sperm is transferred by males lacking functional SP and stored for
many days. Sections through female seminal receptacles 9 days after matings
with an SP0, SPSP control male (A) and an SP0SP male lacking SP (B),
respectively. Whereas no sperm can be found in the section of the female
mated with the control male, many sperm can be identified in the female
mated with the male lacking SP. The DNA of the sperm heads was stained with
4,6-diamidino-2-phenylindole. (Magnification:1,000; bar 10m.) Arrow-
heads point to sperm nuclei. Females were collected from a virginizer stock
(VC).
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virgin females, these eggs are fertilized and produce offspring
(results not shown). Indeed, offspring are obtained from eggs laid
many days after copulation, demonstrating that the stored sperm of
the SP null males is viable and functional (Fig. 5). Receptivity is
strongly reduced only in the first few hours after mating (Fig. 4B).
The short reduction of receptivity in matings with SP null males is
very likely induced by DUP99B, as ovulin affects only oviposition.
Because the postmating responses observed after copulation with
SP null males are only weakly induced, we believe that they are not
elicited by any other, unidentified, peptides or proteins. Thus,
DUP99B and ovulin act only on the first day after mating and have
a weak effect in comparison with SP; i.e., SP is the crucial peptide
eliciting the short-term response. Because after day 1 only SP is
active, and sperm alone cannot elicit the responses, SP is also the
molecular agent of the sperm effect. Below, we propose a mech-
anism for the interaction between SP and sperm.
Our results are similar to those obtained by Chapman et al.
(28), who used RNA interference to knock down SP levels.
Females mated to SP knock-down males produced by RNA
interference were significantly more receptive at 24 and 28 h
after mating than females mated to control males. By 48 h,
receptivity in mates of SP knock-down males was similar to that
of virgin females. The rate of egg laying in females mated to SP
knock-down males was significantly lower for 1–2 days after
mating than for mates of control males, and then became
indistinguishable from that of virgin females. The results of the
RNA interference experiments showed a slightly longer initial
stimulation of egg laying in mates of SP-deficient males than was
found in this study. One factor contributing to these differences
could be that the background rate of egg laying in virgin females
was very different between the two studies. Thus, although there
are slight differences in the magnitude of female postmating
responses, the results of these two studies are qualitatively very
similar.
Some years ago, we proposed a hypothesis about the molecular
mechanism of the sperm effect (3). We suggested that sperm
binds SP and, upon arrival in the female genital tract, releases SP
continuously. Released SP then enters the hemolymph and
reaches its targets (14, 15). Once sperm are used up, SP
disappears too, and the female regains the virgin status. The
hypothesis assumes that sperm acts as a carrier and that SP is the
active molecule eliciting the two postmating responses. Here, we
show that SP is indeed the molecular agent of the sperm effect,
i.e., responsible for eliciting the two postmating responses. Using
immunohistochemistry, Bu¨sser (29) has shown that SP binds to
sperm with its N-terminal region. Immediately after mating, SP
binds to the head and tail of sperm. However, 5 days after
copulation, SP bound to the tail is barely detected with a
polyclonal antibody specific for the middle part of SP (J. Peng
and E.K., unpublished results). Hence, it is very likely released
from the sperm tail and subsequently enters the hemolymph to
elicit the two postmating responses.
Reduction of the receptivity of a mated female by male com-
pounds transferred during copulation is one way to avoid sperm
competition. It has been proposed that the evolution of sperm
length is a coevolved response to selection on the female repro-
ductive tract (8). If the amount of SP transferred is proportional to
the length of the sperm tail, long tails may have been evolutionarily
favored because they carry more SP. We suggest SP binding to the
sperm tail as an explanation for the excessive length of sperm tails
in some Drosophila species. For example, the 3-mm-long male of
Drosophila bifurca bears a sperm tail of 58 mm (30). The same
reasoning may apply to other sperm-bound male substances (1, 31)
that affect female reproductive traits in such a way that they
enhance male reproductive success.
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